Background-Oxysterol binding protein (OSBP) has previously been implicated as a sterol sensor that regulates sphingomyelin synthesis and the activity of extracellular signal-regulated kinases (ERK). Methods and Results-We determined the effects of adenovirus-mediated hepatic overexpression of OSBP and its homologues ORP1L and ORP3 on mouse serum lipids. Whereas ORP1L and ORP3 had no effect on serum lipids, OSBP induced a marked increase of VLDL triglycerides (TG). Also, the liver tissue TG were elevated in the AdOSBP-injected mice, and their TG secretion rate was increased by 70%. The messenger RNAs for enzymes of fatty acid synthesis and their transcriptional regulator, SREBP-1c, as well as the Insig-1 mRNA, were upregulated two-fold in the OSBPexpressing livers. No change occurred in the messages of liver X receptor target genes ABCA1, ABCG5, and CYP7A1, and the Insig-2a mRNA was reduced. The phosphorylation of ERK was decreased in AdOSBP-infected liver and cultured hepatocytes. Importantly, silencing of OSBP in hepatocytes suppressed the induction of SREBP1-c by insulin and resulted in a reduction of TG synthesis. Conclusion-Our results demonstrate that OSBP regulates hepatic TG metabolism and suggest the involvement of OSBP in the insulin signaling pathways that control hepatic lipogenesis. (Arterioscler Thromb Vasc
T he liver plays a central role in triglyceride (TG) and cholesterol homeostasis. Complex regulatory circuits within hepatocytes maintain the body lipid homeostasis under varying environmental conditions. Hepatic lipid syntheses and fluxes are controlled by transcription factors that respond to signals from a variety of lipidous ligands. The synthesis of cholesterol and fatty acids as well as the uptake of cholesterol and hepatic glucose use are controlled by sterol regulatory element binding proteins, SREBP. 1,2 A two-step proteolytic cleavage of SREBP precursors occurs within the Golgi complex and releases a basic helix-loop-helix-leucine zipper (bHLH-LZ) transcription factor denoted nuclear SREBP (nSREBP). The cleavage is controlled by the endoplasmic reticulum (ER) cholesterol content, which is sensed by SREBP cleavage activating protein (SCAP). SCAP, together with Insig proteins, retains SREBP within the ER when cholesterol is abundant but escorts it to the Golgi complex on cholesterol depletion. In addition to cholesterol, exogenously added oxysterol 25-hydroxycholesterol (25OH) is a potent inducer of SREBP activation, suggesting that also endogenous cellular oxysterols regulate the SREBP machinery. 2 Of the 3 SREBPs, SREBP-1c is particularly abundant in the liver where its expression is regulated by insulin and glucagon, and it plays a major role in controlling hepatic lipogenesis and glucose use. 1,3 SREBP-2, also expressed at relatively high levels in the liver, is responsible for control of cholesterol metabolism. The third family member, SREBP-1a, functions in both cholesterol and TG metabolism. In cultured cells, SREBP-1a is expressed at much higher levels than SREBP-1c. 4 The cleavage of SREBP-1a and -2 precursors is regulated by cholesterol status, whereas the expression and maturation of SREBP-1c are primarily regulated by nutritional factors. SREBP-1c expression in liver, white adipose tissue, and skeletal muscle is depressed during fasting but increases when animals are re-fed a high carbohydrate diet, whereas such manipulations induce only minor effects on the other SREBP isoforms. 1, 3 Liver X receptors (LXR), central oxysterol-responsive nuclear receptors, form heterodimers with retinoid X receptor (RXR) and regulate a number of genes involved in hepatic functions such as bile acid synthesis, biliary sterol secretion, and synthesis of nascent high-density lipoproteins. LXRs also impact on hepatic lipogenesis by controlling the expression of SREBP-1c. 5 Proteins displaying homology to the C-terminal ligand binding domain of oxysterol binding protein (OSBP) are present in practically all eukaryotic organisms. 6 The OSBPrelated proteins (ORP) have been implicated in diverse aspects of cellular physiology, including sterol and phospholipid metabolism, vesicle transport, and cell signaling. The founder member of the family, OSBP, was suggested to act as a sterol sensor that regulates the transport of ceramides from the ER to the Golgi apparatus for sphingomyelin synthesis. 7 On the other hand, OSBP was reported to act as a steroldependent scaffolding protein that controls the activity of extracellular signal regulated kinases, ERK. 8 The present study provides evidence that OSBP impacts on the expression/maturation of SREBP-1c, the insulin responsiveness of hepatic lipogenesis, and the serum levels of VLDL.
Materials and Methods

Reagents
The antibodies and other special reagents used are specified in the online supplement (available at http://atvb.ahajournals.org).
Construction of Recombinant Adenoviruses
The rabbit OSBP (acc. No. J05056) and human ORP1L and ORP3 cDNAs (acc. Nos. AF323726 and NM_015550) were inserted into the BglII site of pAdenovator-CMV5-IRES-GFP (QbioGene, Illkirch, France), and recombinant adenoviruses (AdOSBP, AdORP1L, AdORP3) generated in HEK293 cells as described in the online supplement.
Intravenous Injections of C57B/6 Mice
Female C57B/6JOlaHsd mice were injected with recombinant adenoviruses as described (please see the online supplement).
Analysis of Plasma Lipids/Lipoproteins and Hepatic Lipids
Plasma and liver lipid concentrations were determined and lipoprotein fractionation performed using standard methodology (for details see the online supplement).
Quantitative RT-PCR
Messenger RNAs in liver tissue or cultured mouse Hepa1-6 hepatoma cells were quantified by real-time RT-PCR as described in the online supplement. Sequences of the primers used are listed in supplemental Table I .
Analysis of Nuclear and Precursor SREBPs in Liver Tissue
Nuclear extracts were prepared from liver tissue as described. 9 Forty g of nuclear protein was analyzed by Western blotting (see the online supplement) with monoclonal antibodies against SREBP-1 or SREBP-2. The precursor forms of the SREBPs were analyzed from tissue total protein preparations.
Silencing of OSBP Expression and Insulin Stimulation of Hepa-1 to -6 Cells
Mouse Hepa1-6 cells were transfected with OSBP-specific siRNAs (siOSBP.1, sense strand AGGCUACCAGCGGCGAUGGdTdT; siOSBP.2, sense strand GAUCCCAAUGCCGGUAAACdTdT) or a scrambled control siRNA (sense strand UAGCGACUAAACACAU-CAAdTdT; Sigma-Aldrich/Proligo) for 36 hours using the HiPerFect reagent (Qiagen), followed by incubation in serum-free medium in the absence or presence of 100 nmol/L insulin (Sigma-Aldrich) for 6 hours. Total RNA was thereafter isolated and the mRNAs for OSBP, SREBP-1c, and FAS quantified as described (see the online supplement).
Assay for Triglyceride Synthesis
Hepa1-6 cells on 12-well plates were treated with control or OSBP siRNAs and with 100 nmol/L insulin as above, and labeled for 3 hours with [ 3 H]oleic acid (7.0 Ci/mmol, GE Healthcare)-bovine serum albumin complexes (4.2 Ci/well) as described. 10 The synthesized TG were quantified according to. 11
Results
Adenoviral-Mediated Expression of OSBP, ORP1L, and ORP3 in Mouse Liver
The recombinant adenoviruses (AdOSBP, AdORP1L, AdORP3) or a control virus encoding GFP (AdGFP) were injected into female C57B/6 mice through the tail vein at the viral dose 5ϫ10 8 pfu per animal. Each of the 3 OSBP/ORP proteins was efficiently expressed in the liver tissue of injected animals ( Figure 1 ). The endogenous ORP1 and ORP3 protein levels in mouse liver were under detection threshold by Western blotting with the available antibodies. However, the endogenous hepatic OSBP was readily detectable. Densitometric analysis of the OSBP Western signals revealed that the AdOSBP transduction resulted in 4-fold overexpression as compared with the endogenous protein level.
Adenoviral-Mediated Expression of OSBP Increases Plasma VLDL TG Levels
The plasma total cholesterol, TG, and choline-containing phospholipid (PL) concentrations were determined for the mice at 3, 5, and 7 days after Ad injection. The results summarized in the Table revealed a significant increase of plasma TG in AdOSBP-injected animals as compared with AdGFP-injected controls at the 3-and 5-day time points, whereas AdOSBP transduction did not affect plasma cholesterol or PL levels. Expression of ORP1L or ORP3 had no significant effect on plasma lipid parameters. As compared with the values of uninjected C57B/6 mice, the plasma cholesterol and PL levels of all Ad-injected animals increased during the experiments, whereas the TG concentration in the Ad-injected animals, except for the AdOSBP-transduced ones, was lower than in the uninjected mice. Analysis of the distribution of lipids in fast protein liquid (FPLC)-separated lipoproteins revealed a marked increase of TG in the VLDL fractions for the plasma of AdOSBP-injected animals at all 3 time points, whereas the distribution of cholesterol and PL remained unchanged (shown for 3 days in Figure 2A and 2B). The relative increase of TG in the VLDL fractions was 95% at the 3-day time point, 64% at 5 days, and 52% at 7 days (the % values are representative of 2 plasma pools, 3 to 5 animals each). Transduction with AdORP1L or AdORP3 had no effect on the lipoprotein profile (data not shown; Figure 2C ). SDS-PAGE analysis of apoB100 and apoB48 from lipoproteins isolated from the plasma of AdGFP-or AdOSBPtransduced animals by ultracentrifugation at density 1.063 g/mL revealed a 50% increase of apoB100 and 40% increase of apoB48 in AdOSBP-injected animals ( Figure 2D ), demonstrating that not only the lipid but also the protein moiety of VLDL was increased.
Liver Tissue TG Are Increased in AdOSBP-Injected Animals
Prompted by the observed increase of VLDL triglycerides in the plasma of AdOSBP-injected animals, we analyzed lipids in the liver tissue of these animals. A significant increase of liver TG in AdOSBP-injected mice as compared with AdGFP-transduced controls was evident at the 3-and 5-day time points (supplemental Table II ). Histological analysis of liver tissue on days 3 and 5 after infection revealed lipid droplet accumulation, visualized as large unstained vacuolarlike structures, in the hepatocytes of AdOSBP-transduced animals. These structures were absent in sections of AdGFPinfected liver (supplemental Figure I ).
The Rate of TG Secretion Is Enhanced in AdOSBP-Injected Mice
To measure TG secretion rate, mice transduced with AdOSBP or AdGFP were injected with Triton WR1339, and plasma TG concentration as a function of time was monitored. The results show a significant increase in the slope of the TG secretion curve in AdOSBP injected animals as compared with the controls (Figure 2E ), which reflects an approximately 1.7-fold increase in TG secretion rate ( Figure 2F ).
The Lipogenic Pathway Genes Are Induced in OSBP Expressing Animals
The OSBP-induced increase of both plasma and liver tissue TG as well as hepatic TG secretion rate suggested that the synthesis of fatty acids and TG is enhanced in the AdOSBP-transduced animals. We therefore quantified the mRNAs for 3 major enzymes of the lipogenic pathway, acetyl-coenzyme A (CoA) synthetase (AceCS), fatty acid synthase (FAS), and stearoyl CoA desaturase 1 (SCD-1) in liver tissue from AdOSBP-and AdGFP-injected animals at the 3-day time point. All 3 mRNAs were found to be significantly upregulated (AceCS, 2.1-fold; FAS, 2.1-fold; SCD-1, 2.0-fold) in AdOSBP-transduced liver as compared with AdGFP-injected controls. Furthermore, the message for the major transcriptional regulator of the lipogenic pathway enzymes, SREBP-1c, was induced 1.8fold (supplemental Figure II) . No difference in the mRNA for apolipoprotein A5, a regulator of TG metabolism, was observed between AdOSBP-transduced and control liver. Furthermore, the mRNA level of medium-chain acyl-CoA dehydrogenase (MCAD), a key enzyme in fatty acid ␤-oxidation, was not affected by AdOSBP transduction. Because the gene encoding SREBP-1c is target of LXR, we quantified the messages for LXR␣, LXR␤, and the LXR targets ABCA1, ABCG5, and CYP7A1. All these mRNAs were unaffected by OSBP expression. We also quantified the mRNAs for the main regulator of hepatic cholesterol homeostasis, SREBP-2, and the major rate limiting enzyme of the cholesterol biosynthetic pathway, 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase. The latter was mildly upregulated in OSBP expressing liver, whereas the SREBP-2 mRNA was not significantly altered. The maturation of SREBPs in the liver is controlled by Insig-2a, the mRNA expression of which is subject to downregulation by insulin, 12, 13 and Insig-1, a variant induced by insulin. 14, 15 The Insig-2a mRNA was downregulated by 34% and the Insig-1 message upregulated by 60% in OSBPexpressing liver.
The Nuclear Form of SREBP-1c Is Increased in AdOSBP-Transduced Liver
To study whether the observed increase of SREBP-1c mRNA translates into an increase of mature nuclear SREBP-1c, we analyzed by Western blotting nuclear fractions and total protein preparations of livers from mice infected for 3 days with AdGFP, AdOSBP, or AdORP3. As compared with AdGFP-transduced liver, the amount of nuclear SREBP-1c was elevated by 128% (nϭ4, PϽ0.01) in the OSBPexpressing liver, whereas no change was observed in nSREBP-2 ( Figure 3 ). ORP3 overexpression had no impact on the level of either nSREBP-1c or nSREBP-2. The quantity of the SREBP precursor forms was not significantly affected in AdOSBP-or AdORP3-transduced liver. These results suggest that not only the expression level but also the proteolytic activation of SREBP-1c or the stability of nSREBP-1c is enhanced by OSBP overexpression.
OSBP Overexpression Reduces ERK Phosphorylation
Because OSBP was reported to regulate the dephosphorylation and thus the activity of ERKs, 8 we analyzed by Western blotting the ERK1/2 phosphorylation status in the liver of AdGFP or AdOSBP-infected mice, as well as in the mouse hepatocyte cell line Hepa1-6 transduced with the same adenoviruses at a multiplicity of 100 pfu/cell. Analysis of the ratio of pERK to total ERK revealed a significant 30% reduction of ERK phosphorylation in AdOSBP-transduced liver (Figure 4 ). In the Hepa1-6 cells, ERK phosphorylation was reduced by almost 70%, supporting the view that OSBP is involved in regulation of the MEK-ERK pathway.
Silencing of OSBP Expression Disturbs SREBP-1c Regulation by Insulin
The observed effects of OSBP overexpression on SREBP-1c and its targets, as well as on Insig-1 and Insig-2a, are similar to the responses elicited in hepatocytes by insulin. Furthermore, the ERKs are known to play an important role in insulin signaling. 16 -18 We therefore silenced OSBP expres- sion in cultured hepatocytes and monitored whether this affects the enhancement of SREBP-1c expression and activity by insulin. The treatments with 2 independent siRNAs, siOSBP-1 and siOSBP-2, reduced the OSBP mRNA quantity by 92% to 93% (data not shown). The siRNA-transfected cells were incubated with 100 nmol/L insulin for 6 hours, after which the mRNAs for SREBP-1c and its target fatty acid synthase (FAS) were quantified. In cells treated with the control siRNA, the insulin treatment induced a 180% increase of the SREBP-1c message ( Figure 5A ) and 234% induction of FAS mRNA ( Figure 5B ). In cells treated with siOSBP.1, both mRNAs were induced to a significantly lower degree (SREBP-1c, 126%; FAS, 161%; Figure 5A and 5B). A similar result was obtained with siOSBP.2 (supplemental Figure III) . Silencing of OSBP thus inhibited the response of SREBP-1c and FAS mRNAs to insulin by 30% to 35%. This provides evidence for a role of OSBP in the relay of the insulin signal to SREBP-1c.
Silencing of OSBP Expression Causes a Reduction of Triglyceride Synthesis
We next determined the effect of OSBP silencing on TG synthesis in cells stimulated with insulin, by metabolic labeling with [ 3 H]oleic acid. The results revealed a significant 30% reduction of [ 3 H]oleic acid incorporation into TG in the cells treated with siOSBP.1, as compared with cells incubated with control siRNA ( Figure 5C ). This shows that the reduction in SREBP-1c and FAS mRNA expression by OSBP knock-down also translates to a reduced synthesis of TG.
Discussion
We analyzed the effects of hepatic overexpression of OSBP or its homologues ORP1L and ORP3 on plasma lipids, to clarify the function of these proteins in lipid metabolism in vivo. We show that moderate adenovirus-mediated OSBP overexpression promotes hepatic lipogenesis concomitant with enhancement of the expression of SREBP-1c and its target genes responsible for fatty acid synthesis. The effect is specific for OSBP, as it was not observed in mice infected with adenoviruses encoding GFP, ORP1L, or ORP3. OSBP was isolated as an oxysterol receptor anticipated to be responsible for the transcriptional regulation of genes maintaining cellular sterol homeostasis. 19, 20 This task was, however, found to be executed by the SREBPs. 2 Nishimura et al 21 demonstrated that silencing of OSBP expression in HeLa cells has no effect on the 25OH-induced inhibition of HMG- CoA reductase and squalene epoxidase mRNA expression, implying that OSBP is not a major regulator of sterol homeostasis. According to a simplistic scheme, OSBP could act as a buffer for cellular oxysterols, thus tuning down their inhibitory effects on SREBP activation. However, several observations argue against this interpretation. (1) Activation of SREBP-1c is only weakly affected by cellular sterols 1 ; (2) Sequestration of oxysterols should lead to a general reduction of LXR transactivation potential, but we observed no changes in the mRNA expression of LXR target genes other than SREBP-1c; (3) OSBP expression had no effect on plasma cholesterol status, and the hepatic cholesterol level was only mildly affected. We now show that OSBP overexpression increases TG levels in both liver tissue and serum. Furthermore, silencing of OSBP expression in insulin-treated cultured hepatocytes reduces their TG synthesis. These alterations coincide with alterations of SREBP-1c expression and the abundance of nuclear SREBP-1c. Hepatic overexpression of NH 2 -terminal transcriptionally active SREBP-1a and SREBP-1c fragments in transgenic mice resulted in fatty liver but no elevation of plasma TG, 22 unlike in the present study. In the case of SREBP-1a, the lack of plasma TG elevation was shown to be attributable to simultaneous upregulation of LDL receptor expression, which masked the enhanced hepatic VLDL production. 22, 23 On the other hand, the absence of SREBP-1c was shown to ameliorate fatty liver development in ob/ob mice. 24 The relationship of hepatic TG accumulation and VLDL secre-tion is complex. 11, 25 Overexpression of the nuclear forms of SREBP-1 represents an extreme situation leading to gross alterations of hepatic lipid metabolism not comparable to the present study, in which the observed effects on lipogenesis and SREBP-1c expression/maturation were relatively mild.
Insulin induces lipogenesis via phosphoinositide-3-kinase (PI-3-K) and Akt-dependent signaling cascades that upregulate SREBP-1c transcription. 26 -28 Moreover, insulin enhances the proteolytic activation of SREBP-1c and increases the half-life of nSREBP-1c. 26, 29 In addition to the PI-3-K/Akt signaling pathway, the activity of SREBPs is subject to regulation by the MEK-ERK pathway. 16 -18 The present findings provide 3 mechanistic clues to the observed upregulation of SREBP-1c: (1) siRNA-mediated silencing of OSBP attenuates the response of SREBP-1c and FAS mRNA levels to insulin; (2) OSBP decreases the expression of Insig-2a and increases that of Insig-1, resembling the response of these genes to insulin; (3) ERK1/2 phosphorylation is significantly reduced in the liver of AdOSBP-infected animals and in OSBP-expressing cultured hepatocytes.
How could OSBP affect the MEK-ERK signaling pathway? Wang et al 8 showed that, with cholesterol bound, OSBP facilitates the integrity of a cytosolic phosphatase complex that dephosphorylates ERKs, resulting in their inactivation. In the presence of 25OH, the OSBP-phosphatase complex dissociated, leading to the hyperphosphorylation of ERKs. Consistent with the fact that cholesterol is in cells vastly more abundant than oxysterols, our finding suggests that the overexpressed OSBP tends to adopt a cholesterol-bound conformation facilitating the dephosphorylation of ERKs. Expression of Insig-1 is regulated by insulin in a MEK-ERKdependent manner. 17 Furthermore, Botolin et al 30 recently showed that the abundance of nSREBP-1 is regulated by ERKs via control of proteasomal degradation. According to the findings by Botolin et al, the increase of nuclear SREBP-1c in AdOSBP-transduced liver could be at least in part attributable to reduction of phospho-ERK, resulting in increased stability of the nSREBP-1c. However, alteration of signaling through the MEK-ERK pathway could also affect the hepatic TG metabolism via other mechanisms. 31 The results of both overexpression and silencing of OSBP demonstrate a new function for the protein as a regulator of hepatic TG metabolism. Furthermore, our findings suggest the involvement of OSBP in the insulin signaling pathways that control hepatic lipogenesis and play central roles in the development of insulin resistance and diabetes mellitus.
